ABSTRACT
24
With the ultimate goal of improving the reliability of vTEC estimation, so far a variety of approaches have been proposed 25 to determine the characteristics (typically the stability) of the receiver DCBs retrieved either from the vTEC estimation process 26 as a by-product [29, 30] , or from differencing the ionospheric observables determined for two co-located receivers [25, 31] .
27
However, for the following two reasons these approaches may still be inadequate. First, when using such methods the retrieved 28 receiver DCBs may still be affected by un-modelled biases. Second, the so-obtained time series of receiver DCBs are usually 29 of low time resolution (a few hours to one day) and may thus fail to identify any possible receiver DCB variations over shorter 3 time intervals (e.g. less than 1 hour).
1
In this contribution, we first develop an approach for retrieving Between-Receiver DCBs (BR-DCBs) based on a zero-2 baseline set up. Without relying on the vTEC estimation process or the formation of ionospheric observables, our approach is 3 able to achieve time-wise BR-DCB retrieval by employing only a single epoch of between-receiver, between-frequency 4 double-differenced (DD) GNSS code measurements. Since for zero-baseline most common error sources can be largely 5 cancelled out in the DD code measurements [32] , the error budgets affecting our BR-DCB retrieval are thereby minimized.
6
With the use of GPS/BeiDou/Galileo measurements collected in 2013 with a sampling rate of 30 seconds by four multi-GNSS 7 receivers connected to one common antenna, we will investigate: (1) . the intra-day stability in the time-wise BR-DCB 8 estimates; (2). the consistency between the daily weighted average (DWA) estimates of GEO/IGSO/MEO BR-DCBs for a 9 common receiver-pair; (3) . the main factors accounting for the inter-day variability in the DWA estimates of BR-DCBs. 10 
11

METHOD DESCRIPTION
13
In this section, we outline the procedure of our time-wise BR-DCB retrieval approach. Next to that, we briefly illustrate two 14 statistical hypothesis testing schemes that are adopted to validate the intra-day stability in time-wise BR-DCB estimates and 15 the consistency between DWA estimates of GEO/IGSO/MEO BR-DCBs.
17
Time-wise Retrieval of BR-DCBs
19
Let us assume that, at certain epoch i , two receivers forming a zero-baseline are able to simultaneously track a number of 20 GNSS satellites at two frequencies. 
8
At every epoch, after incorporating the functional model similar to (2) and the stochastic model similar to (3) for all the 9 satellites belonging to one common constellation, we can readily retrieve the BR-DCB estimates, along with their formal 10 precision, using the least-square estimator. The epoch-wise least-square solution is therefore a weighted average over all 11 satellites, in which the reciprocal value of (3) is used as weighting.
12
We remark that, when applying the BR-DCB retrieval approach described above to BeiDou code measurements, one are commonly connected to one antenna mounted on the roof of the same building (see Fig. 1 ). Table 1 presents an overview of 12 the basic characteristics of the receivers and antenna, while Table 2 summarizes the features of the code measurements used. We define three independent receiver-pairs, all referring to the CUT0 as pivot receiver. We time-wisely retrieve the 20 GPS/GEO/IGSO/MEO/Galileo BR-DCBs using the corresponding code measurements on a per receiver-pair basis. We 21 emphasize here again that, to investigate the possible dependency of BeiDou BR-DCBs upon the satellite type, the code 7 measurements from BeiDou GEO/IGSO/MEO satellites are processed separately, as if they were from three different 1 constellations. . Table 5 therein) . This, therefore, makes it possible for us to "predict" the offsets between any two 15 of GEO/IGSO/MEO BR-DCBs for this receiver-pair using (5). We will compare these "predicted" offsets with their 16 "computed" counterparts determined from our BeiDou BR-DCB estimates for cross-checking purpose. 
11
According to [37] , the difference between the GEO and non-GEO BR-DCBs might result from the fact that GEO satellites are 12 essentially fixed in the sky for a static receiver. Because of this, geometry-dependent errors such as multipath tend to introduce 13 a constant bias in observations from GEO satellites. This GEO-specific bias depends on the multipath sensitivity of each 14 receiver (i.e. receiver dependent) and will not completely cancel out by taking between-receiver single-differencing. Therefore, With the use of (9), we test whether the offsets between any two of the time series given in 
We show in Fig. 8 the DWA estimates of GEO/IGSO/MEO BR-DCBs retrieved for CUT0-CUT2. Due to the fact that 12 this receiver-pair is not subject to BeiDou code ISTBs, the three time series start to be fairly consistent. This finding can be 
15
In summary, the discussions above might allow us to draw a very preliminary conclusion: when retrieving the BeiDou 17 BR-DCBs for receiver-pairs of mixed type, one should take special care of the effect due to the code ISTBs that may be CUT0-CUT2 BeiDou BR-DCBs. We will attempt to seek for the possible reasons behind such two phenomena. Before doing 10 so, we present in Table 3 
17
ISTBs that are found to be present for this receiver-pair.
18
After taking a closer look at Fig. 6 , we find that the abrupt change occurs at day 175 and its size is about 0.5 ns. This 
23
DCB estimates from day 175 onwards. This is due to the fact that, both receivers involved are of common type and have 24 experienced identical firmware upgrade process (see Table 1 ). Consequently, the changes in both receivers' absolute DCBs mind, we assume that the inter-day variability in DWA estimates of CUT0-CUT2 BeiDou BR-DCBs (cf. Fig. 8 ) is a direct 10 consequence of varying temperature conditions between days. To verify our assumption, we depict in Fig. 11 inter-day variability in BR-DCB estimates is indeed due to the temperature effect. During an almost 1-year period, the response 1 of BR-DCB estimates to the temperature variations is rather moderate in this case: the peak-to-peak variation between the 2 highest and the lowest BR-DCB estimates is only about 0.6 ns. cable commonly shared by all the receivers, as well as those splitter-receiver cables connecting the splitter to each receiver.
13
One reason for having temperature effect zero-baseline BR-DCB estimates might be caused by reflections in the cables that 14 depend on the antenna impedance and can slightly vary with temperature. Since the radio frequency paths along the cables to demonstrates that the inter-day variability of BR-DCB estimates can be linked to temperature effect. Compared to Fig. 11,   10 although the time period considered here covers only 201 days, the peak-to-peak variation of BR-DCB estimates is however 11 more considerable now and can reach roughly 3 ns. This fact suggests that the temporal variability of BR-DCB estimates 12 induced by temperature varies from receiver-pair to receiver-pair, which needs to be taken into consideration in future 13 modelling efforts. In this contribution, we described a method for time-wise retrieval of BR-DCBs employing code measurements simultaneously 4 collected by two receivers forming one zero-baseline from GNSS constellations transmitting CDMA signals. These time-wise 5 estimates of the BR-DCBs have therefore the same high temporal resolution as the collected GNSS measurements. We 6 described two statistical hypothesis testing schemes with the goal of testing, respectively, the intra-day stability of time-wise 7 estimates of the BR-DCBs and the consistency between the DWA estimates of the GEO/IGSO/MEO BR-DCBs.
21
8
We carried out a field campaign over an entire 1-year period (2013) at the main campus of Curtin University in Bentley 9 (Perth), during which, dual-frequency GPS/BeiDou/Galileo measurements were collected by four receivers of three types 10 connected to one common antenna, with a sampling rate of 30 seconds. We defined three independent receiver-pairs and for 
